Purpose: Previous studies report that the response of retinal vessels to a decrease in oxygen (hypoxia) is vasodilation, thus increasing blood flow. We aimed to characterize the changes in retinal microvasculature induced by a mild hypoxia stress test in a healthy population, using ocular coherence tomography angiography (OCT-A) technology. Methods: Interventional repeated-measures study. The standardized hypoxia challenge test (HCT) was performed to all volunteers, according to the British Thoracic Society protocol. Ocular coherence tomography angiography (OCT-A) was performed at three time-points (baseline, during HCT and 30 0 posthypoxia). Macular and peripapillary vessel densities were assessed using the built-in software. To minimize bias, analysis was performed separately in right (OD) and left (OS) eyes. Repeated-measures ANOVA and mean comparison analysis were used as statistical tests (STATA v13). Results: Studied population included 30 healthy subjects (14 women), with a mean age of 28.8 AE 4.2 [range 22-37] years. Baseline vessel density increased in hypoxic conditions and subsequently decreased to near-baseline values in posthypoxia conditions. This pattern was observed for both eyes in both parafovea (OD: 55.3 AE 2.3 to 56.7 AE 1.9 to 55.8 AE 1.9, p < 0.05; OS: 56.9 AE 2.1 to 57.9 AE 1.9 to 57.3 AE 1.7, p < 0.05) and peripapillary (OD: 60.5 AE 0.5 to 62.6 AE 0.5 to 60.1 AE 0.4, p < 0.05; OS: 60.4 AE 0.4 to 62.3 AE 0.5 to 60.7 AE 0.4, p < 0.05) areas. Conclusion: To our knowledge, there are no published data specifically addressing mild hypoxia conditions and retinal microvasculature changes, using OCT-A. This pilot study may pave way to better understand vascular responses in disease setting.
Introduction
Published literature on the effects of different PaO 2 levels on retinal vessels reports a response similar to the brain vasculature, with increases in oxygen (hyperoxia) causing vasoconstriction and a decrease in blood flow; and reductions in oxygen (hypoxia) triggering dilation of the vessels and an increased blood flow (Frayser et al. 1971; Fallon et al. 1985; Werkmeister et al. 2012; Cheng et al. 2016) .
A standardized assessmentHypoxia Challenge Test (HCT) -is performed to people with respiratory disease to evaluate their susceptibility to a hypoxic environment, such as a long-haul flight. According to aviation regulations, flight cabins are pressurized to a value of around 565 mmHg (0.74 atm), equivalent to be at an altitude around 8000 ft., corresponding to breathing 15%-16% oxygen at sea level (Anon 2002; Gendreau & DeJohn 2002; Toff et al. 2006) . While most healthy travellers can easily compensate for this amount of hypoxaemia, the same may not apply for patients suffering from circulatory or ischaemia-associated conditions with a known impairment in ocular vascular regulation (Lee et al. 2002; Humphreys et al. 2005; Silverman & Gendreau 2009 ). The HCT creates a hypoxic environment by reducing inspired oxygen fraction (FiO 2 ), and making it equivalent to the flight cabin altitude.
Ocular coherence tomography angiography (OCT-A) is a novel diagnostic tool with increasing applications in clinical practice, which uses infrared wavelengths to provide non-invasive high-resolution pictures of the retinal microvasculature (Koustenis et al. 2016) .
We aimed to characterize the changes induced by a hypoxia stress test and retinal microvasculature changes in a healthy population, using OCT-A technology. The understanding of the physiological response of retinal vessels to a hypoxicstimulusmaydrivenewdirections in ocular vascular disorders research.
Materials and Methods
This study was conducted in Lisbon Academic Medical Center (CAML). The research protocol adhered to the tenets of the Declaration of Helsinki (Carlson et al. 2004 ) and was approved in full by the CAML Institutional Review Board (IRB). In accordance with IRB recommendation, recruited patients must had the intention to fly, so the hypoxic stress test would be applied to individuals who would experience it anyway. Written informed consent was obtained from all enrolled volunteers, after detailed explanation of the objectives, procedures and risks of the study.
Study participants
An open call was launched by e-mail until the required number of healthy volunteers was reached. Before the study beginning, participants had to fill a questionnaire, including the following information: age, gender, smoking pack years, known diseases and current chronic medication, previous intra-ocular surgery or trauma, symptoms during previous flights and intention to fly in the future. To be enrolled in the study, all individuals must had to be free from major systemic illnesses or ocular disease, such as high refractive errors (AE4 dioptres), glaucoma, macular disease, diabetes and previous ocular trauma and/or surgery.
Study design and data collection protocol
An interventional, repeated-measures study was conducted to characterize and explore the macular and peripapillary vessel density (ppVD) changes induced in flight hypoxia conditions using HCT as a stress test. Three measurements times were considered: (#1) baseline, (#2) hypoxia and (#3) posthypoxia.
Firstly, a complete ophthalmological examination was performed to all subjects, including best-corrected visual acuity (BCVA), slit-lamp biomicroscopy and fundoscopy, auto-refractometer (RK-5; Canon EuropeÒ, Amstelveen, the Netherlands), intra-ocular pressure (iCare TA01iÒ, Vantaa, Finland) and eye biometry (LenstarÒ; Haag-Streit, Switzerland). Other baseline measurements (time-point #1) were performed, including arterial pressure (CarescapeÒ V100; GE Healthcare, Lisboa, Portugal) and OCT-A examination (AngioVueÒ, Optovue, Fremont, CA, USA).
Using OCT-A, ppVD was assessed in a 0.75-mm-wide ring around the optic nerve head (Fig. 1) . Foveal vessel density (fVD) was assessed in a circle of 1 mm diameter and parafoveal vessel density (pfVD) calculated by analysing a 2 mm wide around the fovea area (Fig. 2) . Both values were calculated using AngioAnalyticsÒ, the built-in software of the OCT-A device, as a ratio of the white pixels (i.e. retinal vessels: where erythrocyte movement was detected) by the total number of pixels. Only high-quality images (score higher than 70) were considered.
The HCT was performed at sea level in order to create a normobaric hypoxic environment by reducing FiO 2 and making it equivalent to the flight cabin values. The British Thoracic Society (BTS) proposes a practical and inexpensive protocol to perform HCT (Anon 2002) . Briefly, following this protocol, participants had to breath a FiO 2 of 15% using a gas mixture with a supply of 99.993% nitrogen (Linde HealthcareÒ, Lisboa, Portugal) through a 40% flow Venturi mask (IntersurgicalÒ, Berkshire, UK) at 10 L/min. Cardiorespiratory monitoring was performed using a polygraph and an oximeter in a hand finger (Alice PDX; Philips-RespironicsÒ, Murrysville, PA, USA; Nonin MedicalÒ, Plymouth, MN, USA). Parameters monitored included oxygen peripheral saturation, arterial pressure Classic Check, Pic solution, Artsana, Grandate, Italy and electrocardiography.
As established by BTS, recommended HCT duration is between 20 and 25 min. In accordance, 30 min after test start, all measurements were repeated in such hypoxic conditions (time-point #2, Fig. 3 ). Finally, after the recommended 30 min recovery time (Anon 2002) , time-point #3 posthypoxia measurements were carried out. The scheme below illustrates the repeated-measures study protocol.
Statistical analysis
Statistical analysis was performed using STATA v13 (Stata Statistical Software: Release 13. College Station, TX: StataCorp LP). ANOVA repeated-measures (ANOVA-RM) analysis was used to assess within-subject differences between the three measurements [baseline (#1), hypoxia (#2) and posthypoxia (#3)]. Paired analysis using t-test statistic was also performed to confirm the findings between different time-points. Exact p values are reported, rounded to two decimal places, except if p values <0.01. As this is the first time the current research protocol is being used, in order to use all the collected data (i.e. from both eyes) and to allow a better evaluation of the consistency of our findings, right and left eyes were analysed separately. We calculated our required sample size by arbitrarily considering a 10% clinically significant change in retinal vessels diameter and a standard deviation of 5%. Thus, based on these values, with a power of 90%, an alpha value of 0.05 and accounting for subject attrition, 30 volunteers were enrolled.
Results
A total of 60 eyes from 30 Caucasian volunteers (14 women), with a mean age of 28.8 AE 4.2 [range 22-37] years, were included in the study. All subjects had a 20 of 20 BCVA. Mean axial length was 24.0 AE 0.9 mm for both right (OD) and left (OS) eyes. Spherical equivalent was À1.75 AE 1.4 dioptres and À1.74 AE 1.5 dioptres for right and left eyes, respectively. 
Macular vessel density
Parafoveal vessel density (pfVD) was significantly different among the three time-points (OD: F(2,29) = 3.13, p = 0.05; OS: F(2,29) = 3.78, p = 0.03). Paired analysis confirmed the increase in mean pfVD in hypoxic conditions (OD: 55.3 AE 2.3 to 56.7 AE 1.9, p = 0.04; OS: 56.9 AE 2.1 to 57.9 AE 1.9, p = 0.03), when compared to baseline (p < 0.01) and a subsequent decrease in posthypoxia conditions to near-baseline values (OD: 56.7 AE 1.9 to 55.8 AE 1.9, p = 0.01; OS: 57.9 AE 1.9 to 57.3 AE 1.7, p = 0.02). Figure 4 illustrates the changes in pfVD.
Foveal vessel density (fVD) did not differ significantly within subjects (OD: 
Discussion
The retina is a tissue with high-energy demands, a single retinal photoreceptor being capable of using up to 10 8 ATP molecules per second (Okawa et al. 2008 ). The supply route by the retinal vascular system is thus crucial for visual function (Campochiaro 2015) .
Vascular reactivity, the response of the vessels to a vasoactive stimulus such as hypoxia, can be used to assess the vascular range of adjustment in which the vessels are able to compensate for fluctuations in PaO 2 (Cheng et al. 2016 ). Therefore, we were interested in assessing if the OCT-A technology would be able to detect differences in vessel density with PaO 2 changes in a healthy population, even with this mild hypoxia, using HCT as a standardized test mimicking flight cabin hypoxia conditions. Our findings in healthy volunteers suggested that retinal (parafoveal and peripapillary) vessels dilate in response to a normobaric hypoxic stimulus. Moreover, the significant decrease observed for arterial pressure values during the test further confirms the well-recognized hypoxia-induced retinal vessels' vasodilation. These results are in accordance with previous literature and recently published works by Cheng and collaborators who studied the relationship between retinal blood flow and PaO 2 using laser blood flowmeter (LBF) technology (Cheng et al. 2016) . LBF is a non-invasive technique that determines centreline blood velocity (mm/s) and vessel diameter (lm) of the retinal arterioles and venules, then calculating flow in ll/min based on the Poiseuille principle (Feke 2006) . These authors found that a combination of both a hyperbolic and linear function explains this relationship, with retinal vessels dilation in response to decreased arterial oxygen until an oxygen arterial pressure threshold of 32-37 mmHg, below which no further compensation is observed. Despite being considered a reliable technology, LBF is not widely available in clinic, being considered more a research tool (Garcia et al. 2002; Guan et al. 2003) .
The results of this study using OCT-A are also in accordance with previous findings using other non-invasive devices (OxymapÒ retinal oximeter, spectral-domain-OCT/metabolic hyperspectral camera-derived retina blood flow and high-resolution retinal vessel measurement system), which consistently reported a decrease in retinal vessels diameter during hyperoxia, and an increased retinal blood flow under hypoxia conditions (de Jong et al. 2008; Olafsdottir et al. 2015; Rose et al. 2016) .
Compared to these equipments, OCT-A has the advantage of providing a high-quality morphological image and allowing function/anatomy correlation (Liu et al. 2015; Koustenis et al. 2016) . However, as OCT-A technology is not able to quantify retinal vessels oxygen saturation, it would be interesting to correlate the vascular changes detected with OCT-A with the quantitative oxygen saturation obtained with retinal oximetry, for instance.
We specifically studied macular and ppVD as a surrogate for the whole retinal vasculature behaviour and analysed the hypoxic response of retinal vasculature as well as the response when baseline conditions were restored. Also, only healthy subjects were included, and thus, only physiological responses were presented. However, vascular reactivity is most probably different in patients with ocular disorders, such as normaltension glaucoma, age-related macular degeneration or diabetic retinopathy (DR). It has been suggested that even small reductions in oxygen in the inspired air limit the capacity of oxidative phosphorylation, with consequent deterioration of visual performance (Ramsey & Arden 2015) . Therefore, it remains to be understood if individuals with vascular dysregulation disorders may be at risk due to commercial flight-related hypoxia.
Of note, fVD did not change significantly with oxygen conditions change. The fact that this area in OCT-A comprises a 1-mm diameter circle around the foveal centre; thus, including the foveal avascular zone (FAZ) may explain these results. With the exception of anecdotal reports, the FAZ is completely devoid of blood vessels, being entirely dependent on the choroidal circulation to receive blood supply (Campochiaro 2015; Sousa et al. 2017) . Therefore, minimal changes with hypoxia would be expected using OCT-A.
Contrary to the choroid, which has a prominent autonomic regulation, the retinal vessels' changes in their diameter and flow are thought to be predominantly mediated by local autoregulatory factors (Pournaras et al. 2008; Delgado et al. 2009; Louwies et al. 2016) . Changes in perfusion pressure, oxygen and pH level all contribute to modify smooth muscle tone as a consequence of intraluminal pressure and metabolic activity, respectively (Grunwald et al. 1984; Steigerwalt et al. 1993; Werkmeister et al. 2012) . Facing a hypoxic stress like HCT, these factors interplay and generate the physiological response depicted above. Nevertheless, as changes in either the upstream or downstream vascular territories may impact the other, the overall effect of these two regulation systems on the observed ocular blood flow is difficult to determine. Published literature inconsistently reports retinal vascular responses to precise PaO 2 levels, which should be better defined in healthy individuals to then be able to evaluate non-physiological states (Frayser et al. 1971; Cheng et al. 2016) . Given these findings with OCT-A, this still-evolving technology may be useful in investigating vascular reactivity, not only ocular diseases such as DR, age-related macular degeneration and glaucoma, but also in vascular Further studies should be undertaken to quantify changes in vascular behaviours in patients with ocular disease with an underlying compromised vascular component.
Limitations & conclusions
The results of this study should be interpreted against its limitations.
Firstly, the protocol included a single hypoxic measurement in similar conditions for every participant. The ideal scenario would be to perform constant measurements during the hypoxic stimulus, which was not feasible with the available technology. Moreover, the volunteers were exposed to only 30 min of hypoxia. Although in accordance with BTS recommendation of a stable flight cabin hypoxia, this limits the extrapolations of our findings to longer hypoxic stimulus. Thirdly, the built-in software used (AngioAnalyticsÒ; Optovue, Andover,MA,USA)calculatesvesseldensityas a ratio of the white pixels (i.e. retinal vessels: whereerythrocytemovement wasdetected) by the total number of pixels. The vessel density is thus calculated in arbitrary units, and its extrapolation to be a valid measurement of blood flow remains to be fully validated for OCT-A technology. Future software improvements are desiredto more accurately evaluate flow, vessel cross-sectional area and flow velocity. Lastly, the protocol induced a normobaric hypoxic stimulus. If intended to entirely reproduce real flight cabin conditions, a hypobaric stress test should be applied.
In conclusion, this first study evaluating healthy subjects retinal vasculature using a standardized hypoxia stress test and OCT-A suggests that hypoxic conditions may be associated with an increase in retinal blood flow. Given the scarce data on this subject, these results may help to understand physiological responses to a hypoxic stress and design a reliable protocol to investigate this response in disease setting, using the increasingly available and non-invasive OCT-A technology.
